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Attention has been foevused in recent yeers on the all-import- 
ent subject of brittle fracture. It is well to point out that if 
there were no controversies or discrepanciee in the theories cone 
cerning brittle fracture, and if the state of knowledge was ine 
fairly satisfactory condition, the serious epidemic of failures 
in welded ship structures during World Wer LI micht never have 
heppened. Much of the recent investigation and attention siven to 
this subject stems from this one series of feilures as added 
impetua towards the solution of one of the moet outstending quesa- 
tions in nuetallurcye 


This peper will be confined to the discussion of failure in 
the brittle manner only, and will not attempt to so into the 
field of ductile feilure. It is the author's intention to present 
in eoneise form both the basic fundamentals and the most modern 
theught on this important subject, as well ag some of the current- 
ly contreversiel points. A discussion of the modern tkeories cone 
cerning brittle fracture will be preceded by a brief analysis of 
the streas system acting at the moment of fracture. The effect of 


various factors on brittle fracture will be shown later. 


There are four appreaches to the problem of +se—sselie—— 
fracture, namely3< 


a. The study of the overall features, as evidenced by the 
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atress system acting, in am effort to determine the 
conditions unéer whieh the fracture will occur. 

be The study of the metallurcical and chrystallocraphée 
structures to determine fracture characteristics. 

ce The study of fracturee from the level of atoms 
and cohesive enerriese 

de The atudy from the standpoint of thermodynamica. 


| Definitsonar- 


Before approeching the discussion of the etress system, def- 
initions of brittle and ductile fracture should be mede in the 
interests of claritye In either case, eae vroad definition of frace 
ture says that it is the termination of plastic flow in which 
there is a seperation of surfaces. Ductile fracture oceurs after 
@ reistively lerce amount of plastic flew by the mechanism of 
shearing alongs the slip planes, which are generelly at an encle 
of 45' to the axis elong whieh the maximum normal strese ia act- 
inge he appearance of the fracture is characterized saa fibrous, 
dull, end rough. Brittle fracture occurs after little om no 
plastic flow, oeeurs salons oleavaze planes within the metal 
ekrystele, and is characterized by being normal to the exie 
elong which the maximum normel stresa is acting and is bright 
end eNhrystalline in appearence due to the many tiny facets pro- 
Guced when the ckryatale are cleaved. Fractograph work by Zapffe 
en 51, 2n, and Sb lliuatrate cleevace facets at hich mesnifica- 


tiongse 
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Winee by the above Gefinitions it cen be seen that Cracture 
is inseparable from plestic flow, the @eckhaniam of plestie flow 
ahould be briefly stated in order to fully underetand the dis- 
@agsions relating to brittle fracturee Plastic flow eccurs 
either ty slipping or by twinning. Most of the experisental 
evidenee ia with single ckrystals in en effort to evold many 
e@wepliceting factorae Slipping will cause e reorientation of 
ereag within sincle ervyeatals due to differant slip directions 
end, of course, a reorientation of whole crystals. When crein 
bounderlea are interposed between crystela, fiow le interrupted 
by the conflieting elip directions and inhomogeneous atrains are 
set up within the metele Thia ia the chief obatecile to the 
study of plastia flow in eryatal agprrecatees it hee also been 
found that inelusions wiil reorient themselves to the slip direct- 
ion end thet fatigue or alternating stressee will cause slip 
bands io widen when plesatic flow bas been initiated. Cryste) 
aisrerates cenerally offer more resistence to fiow than do ain 
Cle ervatels. A further interesting concept 1s that of the 
viseosity or the behavior in the menner of an emorphous materiel 
in the prain bounderies.e It appears that this is a transition 
region where the atome for e few layere are not errenced in the 
erystalline structure of either craineSlip bands aleo exhibit 


this amorphous behevior under strains 





4a an introduction to the enalysis of the atreas svebem, it 


4a useful to essume that the emount of 4eformation thet can occur 
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before flow or fracture sete in is determined dy the relative 


values of the stresses required to cause slip, twinning, and 


cleavage. The recognized interrelation between plestic flow 
end brittle freeture brings up the aided factor of the aniso- 
tropy introduced by the plastic atrain. Non-perfect isotropy 
Will invelidate the acreement with the following theory ef 
combined stresses, but it le to be noted that “the email straine 
essocisted with brittle fracture the anisotropy ia net creat. 
Bow, in single erystals, it is kmown thet plastic flow will 
initiate when the stress, as reg@olved on the alip plene and in 
the slip direction, reaches s critiee] value( the eritical 
ehear etress). Ir polyerystalline metals, however, it la be- 
lieved that plestic flow oceura when the shear strain energy 
reauhes e criticel valuee This concept may be expreaged by the 
following equetion in whieh (o7) is the eritical value and (07), 
(oz), and (05) ere the principal stresses elong the principal 
ames (1),(2), and (35): 


Lor = (oo) + (1-5) + (5-1) 


it ig “nown that thie equation le food for determining the 
bepinning of plastic flow for most metals woieh will yield 
hietOogenesougiy.e hia equation of Ven KMiseg hea been substantia- 
tec for the cases of uniaxial and slexial tension but not for 
the cage of triaxial tension,due to the experimental difficulte 
des and to some uncertainties surrounding the use of the notch 
bar lwpact ‘est es @ eriterione in the ease of wetalis which 


yield inhowereneously, the Saxieun sheer stress law seens to be 
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. obeyed in that ylelding will occur when the maximum shear stress, 
OT —- O% 
x 


a 
, reaches a critical value. A complication in this argument is in- 





troduced by Guest in which he proposes a theory that takes into 
@ccount volumetric stresses. Experimental evidence in the form of 
) adding hydrostatic pressure to the normal tensile stresses seems 

to validate his argument. This is but one of the many contradictory 


arguments surrounding this subjecte 


It should be noted here that the above discussion pertains to 
an idealized material and thus will only apply strictly to ae 
gmali portion of the stress-strain curve for which values ere 
known for the principal stresses. There is an extension of Yen 
Mises! theory derived by Hencky, which states that the second 
invarients of the stress and strain tensors are functionally ree 
lated. Ilyushin has extended this principle and shown case solu- 
tions. Praser advises caution in the use of these power laws, 
pointing out important variances between solutions and actual 
test plotee It is not within the scope of this paper to derive 
or prove thie statement but merely to indicate the exkistance of 
this powerful tool. It can be said that the intensity of stress 
(o;) dvefines a quantity whose square, except for a constant fac-= 
tor, is equal to the second invarient of tne streas deviation. The 
intensity of strain (&7) is Gefined in a similar manner. The 
above values are sometimes also known as the significant sbeese 


( 6) and the significant strain ( € ) and are written as followa: 


- a | $ ' > |e 
o= FS] (0+ ot) — (et-«¢)- (03-0) ] 
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a a fE [etret+ety® where @ »®.>» @,, ave the 


atrains along the prine 
cipal axege 


€-f o or Gakew Dy Ky, and mn, are constants. 
O<w< 


Vhese equations cive a ceneraligzeé atresgestrain relationahip 
which doves not depend on the type of stress. 


There are two other iaportant reletionshipe uavally eseuned 
in problems of plastic flow. Thege ares 


ae The aeteriel 19 incoppreasibie/ or the chenpe in yolume 
Gaping plastica flow is serge 
e,te, Fez; = O 
be The principle shearing atresses and strains are preportionel: 


eS . Oe a O2— 97 | 
@,—-2e4, €,—€, e,—e, (Hooke's Law) 


“ith the renereliszed stressegtrein relationships noted abeve, it 
ig important to nete thet the significant stress and the signifie 
cant atrain are related by the proportionality feetor (0). This 
Pelationship may take several convenient forme, not herein noted, 


for purposes of ealeulating specifie problemge 





The préavioua diecuesion leada to the streasegtrain diesorems 
ea determined for idealised zaterials and from whieh eid in 
further disensaion of modern theories end effects of variscuse frace 


tors on brittle fracture any we hads It ia sufficient to eerely 
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note the nominal stress-strain eurve in which load/ original crosa- 
gection area ( tensile speciaen ) is plotted epainst nominal 
strain. This type of curve cives rise to the femilier drop of the 
beam shape as experienced with steels. A modification of thie 
erly curve is the plet of true stress, load/ ectuel eross-seetion 
eres et the inetent of measurement, ve true strein, whieh Le ex= 


pressed as follows: 


Since e, + ec .+ [= 


AL=AL, - . dh mln t= bn = te Se = tn Ye 


(or the volume reMains eonskant) 







1. f, A ol ob 
oa = diomeler 
A nance A = cross-section av< 
i _ length 
Crachuve ol, a ovgin a\ diame 
| Tag past —= wue sWain 
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The above type of eurye is known ea the true stresseatrain curve 
or wore properly as a flow curve. The matheatical expregs iens 
previously meted senerally apply well to the elastic region, dut, 
where the problem ef necking is encountered, the complex stress 
gyetem and the neneunlform deformation cauge the situation to be 


immensurestly complicated « 
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Jadu e Theory: - 

In beginning the discussion of the various theortes, the 
introduction of the flow curve above leads to the discussion of 
ludwik's theories and his posatuletion of a fictitious fracture 
eurve. His work bea been the basia of eo greet deal of research 
and thought on this matter particulerly by Hellomen in recent 
years. The flow curve, per s@¢, wes originally reeorsnized by 
iméwik as possessing ereat posaibllitiea for the interpretetion 
of the mathhetical stetemente. It 1s to be remembered that this 
eurve applies to idealised material and thus requires a ecorrect- 
ion factor if it is to be used directly for any real materiale 
Several people, notably Uridseman and Devidenkov, have ettenpt- 
ed te find guitable corrections to bring the plastie region of 
the eurve cown to meet the actual curve as determined from ex 


Perisents. They have been more or less suceeasful. 


iudwilk conceived the idea of ao fracture stress curve which is 
beged upon saying that the fraeture streas juet before a metal 
fractures is rpreater then the etrega required for plastic flow 
and thet thie fraesture stress is depenéent upen the prior deforme 
ation which the unbroken metal had sone threugh. It can be seen 
thet a frecture estreas and e flow curve must be determined under 
different external conditiona. Ludwik postuletes fracture as oce 


curing when tie flow curve intersects the fracture curve as seen; 


* 


fracture 


Wwacluve stwess curve 







- Flow curve 
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Vhe greatest justification for the use of a fracture curve, 
®lthough it is a fictitious concept, is its inherent ability to 
@xplain convenientiy osny different effeets on the freeture of 
metals. The various effeets are noted as raising or lowring 
the flow ieurve, the fracture curve, or bothe 


Gollowen has pointed out thet there may be e sreat effect 
Gee to anisotropy of the metal atructure sa caused by prior 
Seformation. This point hes not been sufficlently investicated. 
Practure stress analyses made with notched tenetle bars have been 
recentiy asde by MeAdem, in which it is eseumed thet fracture bee 
aime in the center of the bara. Neaguilts can be interpreted ea 
@pplying triaxially in which fracture streee ia shown to inerease 
with increaeing triexiality. Thisa is further sooberateéd dbs 
experizents performed by Sachae In thia case, the fracture evrve 
rises, but, at the same time, the flow eurve ie elec riging at « 
Greater rate, which essentially reduces the strain needed for 
fracture although the stress is raised. This serves ag one ilius- 
tration of the use of flow and freeture curveas There hes been a 
(Peet deal of eeéehetesm criticism of these curves, but Kit ta de- 
sired to emphasise thet they make no attempt to explain the whole 
phenomenon of fracture but serve as a useful tool and ae sueh 
anould not ve overlooked. It should be further emphasised thet 
the fracture curve ig a purely fictitious coneept. 


Sternberg bas repleased the linear expresaion of liooke's lew, 
previously voted, with a senerel sccondé order approximetion 
wiieh assumes non-linearity within the elestie ranre. His results 


ahow definite second order sffecta, in particuler, where euch 
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| es cast iron and coneréte sre concerned. § 

= 4a vesed on Voigt's five parameter theory in whieh the 

ieel expression of Yooke’s lew ia the limiting ease. It te 
that this theory of non-linserity within the elastic haw? 
my well explain the baffling behavior ef cast iron according to 
gonventional solutions. 


Strength, es applied to metals bas a very definite meaning: 

@e Resiatance to flows 

Oe Nesistance to fracture. 
The fracture strencth is very much more structure sensitive tian 
the flow atrength, whieh is an importent factor when considering 
the capaeity to deform and to ebsord enercy before fracture.Cloasly 
related to the abeve is the structure sensitivity of the eohesive 
avrength in which it is known that minute imperfections or even « 
preeipitete will induce brittle vehsvier. This intreduces the well 

known alero-erack theorye 


Ole of tie moat intricuing sepects of the whole problem of 
fracture emi the one whieh sey held the key to the ultimete exe 
pignation of the phenemenon ie the effort to explain why the 
astual streagilor metale is so low when by enleulaticns wesed on 

the cobesive strength between eatoma end isttise blanes the frae- 

 twre atreneth should be from one hundred to one thousand tiaes 

mrester. if @ general way, the cilero-crack theory atteapts te 
@xplain ‘his creat Giserepeney by saying that there ere tiny 
er@cie within the ecrretel etructure of the oetal which act as 


Sireses railacrea end thus coneentrate the streag under eontitisons 
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of regtraint to te point that the f_racture strength, in a high- 
ly localized region, is exceeded and fracture initiates at a 
stress very much lower than that predicted by the cohesive 


strength of the atomic bonde-. 


Griffith has worked on this problem from an interesting 
point of view and his ideas have formed the basis of a creat 
deal of recent work. His fundemental concept is that, in a 
solid, the boundary surfaces possess a surface tension which 
implies the existance of a corresponding amount of potential 
energy, and if, due to stress, a crack is formed or an already 
existing one is extended, an amount of energy proportional to 
the area of the new surface formed must be added and this must 
be done without any increase in the totel potential energy of 
the whole system. This new energy must come from the decrease 
in the potential caused by the spread of the crack. These two 
energies must be balanced for the crack to propagate. Based on 
this reasoning, Griffith derived an expression for the fracture 


stresat (0% Jiu 


Vhereen= 
S ig the surface energy/ unit area 
a [25E Ee“ " modulus of elasticity 
f Cx gr" * length of the erack 


g* « constant 


|} There are three assumptions that should be mentioned; 
le The material is perfectly elastice 


2. The distribution of cracks is such 
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that there is no qgutual interference. 
3S. The state of the stress is two-diserSional. 
In using the above equation it is further assumed thet the ereckes 
plane dises, perpendicular to the axie of the specimens 


) 





Qriffith carried out his experiments using gless rods of 
werying thicknesses. With extremely {hin glaes rods he was able 
te attein e strength of about one fourth the theoretical but 
when he used the slightly larger rode hia strength fell off 
pepidly. This orines up the eize effeet whieh will be discussed 
later. “is ideas relative to the effeet of defects in causing 
fracture can, however, be applied to metals. Assuming the pre- 
sence of the defects, when a meta_] is strained in the plastie 
Tecion, the defects will reorient themselves if they are pletee 
like so that less strain energy will be released by their propa- 
gation and the stress at which fracture will occur will be raised. 
Another eoneept is that, an the defect isa rotated away from 
being perpendicular to the exis of atrees, the stress concentra- 
tion at the end of the defect becomes less and the defeet then 


has preportionally lesa effect on lowering the fracture stresee 


Zener theorizes that the grain bounderies of metala are 
perfectiy homogeneous but bave less resistance to slip then the 
interior of the crain. When a strain is applied, a stress cone 
eentraticn le set up in the crain bounderies due to the inhomo~- 
Geniety of the strain and he then believes thet this mey lead 
to sufficient internal energy to propegate cracks. It should be 
remembered that the defeet eausing fracture ig the one producing 


the larcest stress consentratione 
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There ere eritieclems of the eicro-~erack theory which should be 
noteds 


1. It must be assumed thst the weaknesses occur in ea 
fairly resuler fashion. 

2a If stress concentrations are involved in the 
fracture process they could not alone account 


for the low shearing stress valves for alipe 


stdbticel Theory: - 


There are several observed facte which are fairly well known 





end which have led to additional research, some of it along atate 
igtical lines. With steele, the component of the metallurgical 
atructure that controls the fracture stress is the size, shape, 
and distribution of the carbide particles. When the carbides 

are speroildized, for example, the fracture stress is consider- 
ably raised, due to the lowering of the strees concentrationse 


it is alao ikmown that the freeture stress depends greatly upon 


the prior deformation or strain and thet the shape of the fracture 


eurve varies widelye 


The sige effect, as previously noted, in the work of Griffith, 


ane a very important bearing on the fracture etrength. The ohe 


_ zoel 


served facts are that, age the specimen sise is increased, brittle 
fracture will oceur with less unit stress and with less work per 
unit volume required to propagate the eracke These facts led to 
the stetisticel enalysis by Ruerk of crack distribetion and 
density e393 Well as the study of the number, type, anc distribue 


tion of inelusiona per square inch of etched aurface on steele 
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An interesting comment in Ruark's work expresses the belief that 
the influence of the general pattern of stress realisers is the 


gost potent factor available for explaining otherwise ineompre- 


hensible variationa in the bebevior of different heats of ateel. 
Davidenkov, in working with plain carbon ateels, found that a 
threefold increase in all dimensions does not sive a three-fold 
increase in the energy required to break under impact but — 
rather only about half the expected value. He further found a 
ereater tendency towards brittle fracture with large specimene. 
He showed that the sise effect is not connected with the velo 
city of testing and thus he based hie experiments on the noten 
bend test rether than the impact test. Davidenkov stated that 
estetistical theory is the only wey to explain the size effect 
and he besecd his work on the statistiea2l mathematice of Weibull, 
who established the dependence of strength on the volume of 

the specimen. 


Veilbull pioneered the statistical approach to the problem 
of tracture and all leter work is based on his fundementale. 
Briefly, statistical theory es related to brittle fracture says 
that brittle failure is determined not by the value of the avee 
rage stress but by the value of the local stress at the locus 
where the most dangerous atructural defect or flaw is located.» The 
specimen ia considered to be a set of volume elements of vary- 
ing strengthe connected in series, the distribution of strength 
values along the series being eccording to probability (random 
distribution). The larger the whele plece, the weaker is the 
weakest element or rather the probability of bavine on extreme 


Value of strength is greater when a lergce number of elements 
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te used. Weibull noted that the @ispersion in measured tensile 
strengths required a distribution function to meesure ite The 
atatistieal problem is the one of distribution of the smallest 
value in samples of eize (m) drawn from e population heaving some 
probability density funetion, f(x). The probability of rupture 
(8) at any given diatribution of stresses (co) over a volume(V) 
ia: 


log (1- S) = -{~ (0) ol 


where n (0°) is a cheracteristic function of eseh material. This 
sllows for a calculation of the effect of volume on the tensile 
etrengthe It is to be noted that the flaws are assumed to be 
randomly diatributed through the specimen end that each flaw is 
independent of the othere This theory ia gooé for explaining 
brittle fracture only, and even them makes no effort to expiain 
the entire phenomenone The following curve shows qualitatively 
how the strength of the specimen varies with the number of flaws 


per specimen and their frequency of oecurances 
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Fisher and Holloman have pursued this statistical trend in an 
effort to show the effects of atrain rate, size, and structure. 
"The fracture of a real material can be investigated theoreti- 
Cally only by idealizing both the strugture of the material and 
the method of fracture. The idealized model selected for anal- 
yais can be justified and accepted as a valid representation if 
the results of the theoretical analysis are in agreement with 


the obepeved facts.ceoe" 


The above quotation characterizes this work, which again is 
based on Weibuli's fundamental statistical analysia. Théir 
assumptions are: 

le The structure is an elastic solid containing many 
Cracks « 
2. The cracks are thin and dise~like with elliptical 
cross sections. 
Se The cracks are orientated at random. 
4e The cracks are separated on the average widely 
enough so that there ig negligible amount of 
interference of the regions of local distortion 
which surround each crack under elastic strain. 
The mathematics will not be presented within this paper but it 
is sufficient to point out that the normal lawa of probability 


and statistical analysis were followed. 


The regulta of these very interesting statistical analyses 
into brittle fracture sive means to calculate the effect of 


specimen size on the fracture streas, predict the scatter of 
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fracture stress measurements ( shows when chance causes ere oper= 
sting) and caleulate the effects of combined stress and plastic 
Geformation. It is to be remembered that this analysis is based 
on the aseumption that fracture in 99114 materials is caused by 
_ the presence of randomly criented defects having the properties 


| of cracks. Agreement with known facts, anc in particulier with 







the previous work of Oriffith 1a very cood. When there is a con= 
| preasive pre-atrein the fracture strese ig obeerved to inerease. 
| this is in disagreement with Hollomen and Fisher's work and 
seriously endangers the micro-crack theorye 





A mumber of years ago, ees Furth advanced a theory relet- 
| ing the tensile strength of metals to the melting of erystals 
but there were several serious objections to his work, namely 
that there were no provigiona for the effect of plastic flow, 
 @lloying elements, or heat treatment. Another objection was 

| thet his theory was impossible to cheek precisely since it ap- 
plied only to iseBropic bodies that remained completely elastic 
up to the point of fracture. It is highly doubtful thet thie is 
the case since all fracfured surfaces ahow evidence of some 
Plestic flow. Seibel bas taken the fundegental idea of relating 
fracture to the meliting phenomenon but he has developed ae 
aifferent relationssip that elisinates the major objections to 
 Parth's work. 


Salbel'e thernodynemle approach contains three basic 
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assumptions: -~ 

1e All of the strain energy is available for the 
abolition of cohesive strength. 

Ze The heat of fusion ig uniformly partitioned 
throughout the volume occupied by the sub- 
stance. 

Se The quantity of energy required for the 
abolitioh of cohesive strength is equal to 
the fractional change in specific volume as 
the material passes from the solid state to 
the liquid, multiplied by the heat of fusion. 


Salbeli's critical condition is expressed as follows:- 


%=—=- > Lam “ 


wheres 
X is the strain, energy / unit volume. 
Lm is the latent heat of melting / mol 
A\V/ is the change in volume of one mol of the subd- 
stance on passing from the golia@ to the liquid 
state. 
Sf is the molecular volume in the 801id@ state at 
the melting point. 
» is the conversion factor to make the units con- 


sistent. 


it is further noted that the fracture tests are not carried out 
Slowly so there is no leakage of energy in the form of heat out 
of the specimen and that the change in volume on meltins is due 


to the formation of " holes " as based on the Byring model of 
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In using the theery, the following form of the energy equae 
tion is useful since it can be considerdéd that, after plastic 
flow has oecured, the elastic energy is nerlicible, as compared 
with the enerry of distortion, and 
) te ua [ PAE 
where (c~) and (2) are the signifieant stress and significant 
atrain. Further, the relation previously noted 

Oo = ke ™ 
gives e convenient means of actually calculating desired values. 
Making use of the above noted expressions, Saibel performs cal- 
culations for the cage of pure brittle fracture and fracture 
preceded by plastic flow. The fracttre stresses (oy) as calcue 
lated show good arreement with ectual values and Saibel atates 
that the asreement is good enough for a purely brittle case and 
thus no need exists for the micro-crack theory. The discrepen= 
cies are due to inaccurate thermodynamie data to a large extent. 
‘It is also desired to point out|t hat there isa controversy sure 
rounding the important point of whether purely brittle fracture 
is preceded by some plastic flow. Saibel says that there is always 


som¢ plastic flow prior to fracture, even if it is only a few 


atom layers in extent. 





it can now be seen that therejnas been a creat difference of 
Opinion and idexs surrounding this problem of brittle fracture. 
it is a well known fact, however, that the proeress of scientie 


fie knowledce is measured by the controversial nature of argue 
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tg until conclusive end indisputeble evidence is presented 
1 accepted. As a further weasure of the unsettled state of 
gs in this field, Zener bas attacked fracture from the 
point of the relaxation phenomenon, whieh ia in striking 
prest to previous ideas. 


Since relaxation is tied up with anelasticity, the recovery 
f plastic deformation with time, a true atresas~atrain diagram 
L121 illustrate the over-all effactate 
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‘Tt is to be remembered thet elevating the tempereture, even 
‘slightly, for most metale will eliminate enelastic effects and 
allow recovery after the etrees is removed. It has been believed 
for @ long time that the anelastic effects were due to a region 
“mithin the metal behaving in a viscusous manner. Crain boundaries 
and slip bande ere the recions whieh will obey the lawa of 
Viscucus behavior. The following sketches serve to show in prin- 
Ciple what happens within the ervetal. Assume that the heavy 


dines represent a viscuous slip bend within » lattice: 


( aeene xt page for sketches) 
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‘Mote thet the stress concentrations at the corners can be very 
heavy and can only be removed by relaxation or fracture. Zener 
es used thie phenomenon of relaxation to develop a theory 
_ will allow a prediction of the frecture stress. 


There is considerable doubt as to whether grein boundaries 
should be considered st all in attempting to work out a theory 
ef brittle fracture. Thia is another instanee where the contro- 
wergy is intense and fer from being resolved. 


Mechanical Testing: - 


_-—s« Binee the proof of eny theory lies in the effectivenssm of 
ite predietiona, some mention should be made of the seans by 
woieh the predictions are tested and their relative serits. Hae- 
—— there are four testes- 


le Simple tension test. 

2e Notehed tension teste 

Se Notch bend test. 

4 Wotch impact teat. 
There ia elso the torgion teat which is normally not applied to 
@ study of brittle fracture. 


The simple tengion test, when used for date eon brittle bee 
Ravior, herdiy needs any comment, being familiar in a more or 
lesa degree to 11 setallurgiste. It may be noted, in passing, 
thet the complex etress system caused by necking down is ,in 
general, a neglicible factor in brittle fracture but extremely 
important in anelysing ductile bebevior. | 
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When the tensile (normal) specimen is notched, a new and very 
different situation applies. The effect of the notch is two-fold. 
First, it serves to reduce the cross-section area and, second, it 
acts as a stress concentractor. There is some controversy over the 
effectiveness of this type of tensile specimen. The greatest 
difficulty in the proper interpretation of the data, due to the 
factors of size effect, stress concentration, and lack of know- 


ledge of the stress statee 


Since notches are being used more frequently, a brief explan- 
ation of their effect will be useful. Notched are introduced for 
the purpose of setting up a controlled condition of stress concen- 
tration and also to attemp$Y to set up a condition of multi-axial 
stresses in an effort to study fracture and fracture stress under 
multieaxial loading.e Gensamer has done dereat deal of work in 
attempting to resolve the difficultiea and to correlat#® the data 
(notched) with each other and also with the simple tensile test. 
Neuber has developed a series of nomograms which give the stress 
concentration factors for the elastic state. It is to be noted 
that the severity of the noteh is mpst important, a sharper 
notch requiring less energ y to initiate a fracture. A stress 
concentration curve will show the magnitudes of the stresses at 
the notch. Note that the amplitude falls off rapidly and that the 
stress level away from the vicinity of the notch is less than if *% 
there were no notche Alsé note the relative amplitudes of the 


multi-axial stresseSso 
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The problem of correlation of the various tests has progressed 
to a satisfactory state senerally and the choice of test will dee 
pend upon the relative ability to show desired characteristics. 


The notch bend and the netch impact tests are often used when 
teating brittle behevior, especially the notch impact test. The 
noteh impact test allows for a fag@t rate of loading not possibile 
in the normal ten@ion test. As will be seen later, this may be 
@n important factor. Due to the extensive work on correlation, 


confidence in nétched teats has increased sonewhate 


fluence of Various Factorst- 





From time to time, mention has been mede of the fact that 
fracture streneth varies according to the influenee of various 
effects. The influence of size on the specimen hes already been 
Giseussed with the developement of statistical approach by 
Welbulli. In an engineering sense, the effects of various factors 
Gan be far more important then the basic theory. Unfortunetely 
the overeall influence of size effect, temperature, strain rate, 


and other fsctors can not be well establighed until the precise 
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@omnism of brittle fracture is fully understood, Despite the 
letter Grawbeck, a brief discussion of each factor should be 
made, along with an explanation of the phenomenon when knowne 


Sise Effectzq 

Size effect, elthough mentioned previously, is known to be 
the lowering of the fraeture stress and the entrgy required to 
propagete the frecture, when the size of the apecimen isa ine 
ereased.s Tkig is @ke vost apparent with steel and both Daviden-= 
kov and Fisher end Hollemen have used Welbull's atatistiesl 
methods in en attempt to find a suitable explanation eof this 
phenomenon. Sige effewt is, by ite very nature, closely allied 
with the distribution of perticlesa, such as carbides, end their 
shape within the strueture of the metal. This is extremely im- 
portent when considering the deslen cheracteristies which ere 
vaued on the test results of emall specémens. There are two 
separate effecta under size effects 


2. The greater statisticel probability of finding e 
defect or sicnifieant strees raiser in the miere- 
structure in the larger sisee 

Ze The induced etreases due te restriction of strain 


in large sizes.(econdition of reatraint) 


The gecond seperate offect ia of the utmost importenee in the 
Gesion of atructures.s Gensamer gummed up the 4iffieulties dus 

bo sige offest by postulating thet the sise effect in cue to ineBt - 
bility to seale the fine nmierscestructure with the specingn siaee 
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Complex Stress Lystems= 
It should be noted that it 1s extremely difficult, if not 

impossible, to seperate completely the effects, on from another, 
thet the various factore have upon brittle freecturee Then one vs~- 
riable is chanred usually anotber will echenge, but uneontrollably. 
An attempt, however, will be made to present the fects a2 best as 
they are ‘cnown, keeping in mind the interdependence, which is tne 
avoidable. 


Complex etresses are currently the subject of a creat deal of 
work in which MeAdam has been prominent. In a broad way, it is 
known that biexial and triaxial stresses will reduce the ductility 
of metals. The effect on fracture strese is still beine arrcued 
but it seems that the fracture strees ig raised when triaxiality 
is increased. This fect hes been borne out by MeAdam and by Sachs. 
Perhaps ihe stete of affaire cen be pertielly understood when it 
is realized thet conditions of multi-axial stress are gbteined + 
either by notehes or by some attempt at direct biaxial streag 
eystems, using clamped down diaphragms or tubes, pulled in ten- 
sile mechainéds. Comparisons, particularily in investigating duet- 
ility, ere often sade with normal, nunenotehed tensile specimens. 
An interesting postulation sade by Jelinek is thet there may be 
two criteria for the fracture of a single metals; maximum shear 
stress and maxinun tensile streas. Fracture would oscur when the 
mest severe condition is reached. This is supposed to explain the 
behavior of cast iron, but them it is to be remembered that Sterne 
berg explained te game baffling behavior of east iron by @ non- 


linear form of Moore's law. This is anfficient to show thet there 
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ig little or no reliable data upon which to base any definite 
conclusions, other then the epparent reduction of ductility 


under complex stresses. 
Effect of Prior Strainj- 


There have been several fairly recent inveatigations into 
the effect of prior strain on the fracture strength. Sakharov, 
in Ruseia, and Hellomen end Zener, here, heve shown that, in 
the perticular cease of pearlitic ateel, the tensile fracture 
stress must decrease with the first small amount of deformation. 
This is shown by the specimen fracturing eat a lower stress than 
the yleld stress, in addition to thie effeot, their work corro- 
borates the early postulation of a fracture curve, as made by 
lIudwike The stress required for fracture was shown to increase 
with increasing strain. Bridgeman applied hydrostatic pressure 
to a tensile specimen under tension and it was found that the 
fracture stress was raised. His work tends to gubstantiate the 
micro-crack theéry of fracture in that there may be «a sealing 
up or welding up of the microcracks under the hydrostatic pres- 
sure which would, according to that theory, raise the fracture 
strength. Seibel has explained the effect of prior strain on 
fracture from the standpoint of als thermodynamic theory of 
fracture. ils results agree well with the meager experimental 
Gata available. The stressing cycle used by Saibel is noted on 


the next pacet- 
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le motel ie pree-strained e civen ameunt at roe tespersture. (0AQ) 
2» the temperature is lowered. 
Se the specimen is pulled to fractures (9ARS) 


The final stetus of knowledge tc date allows for a predietion of 
the effect of prior strain by use of the miero-crack theory and 


energy considerations slong with the effects o8 microestructubee 


Effeet of Cyclic Leading: « 

The question of the effeeta of eyelie loeding or fatigue has 
been studied from the engineering viewpoint. There is a ereat 
deal of data available on faticue strengthe ané endurance limits 
but very little of it delves inte the fundamentale of the situe- 
tions A little work baa been done relative to the dissipation 
of heat produced sa a regult of the alternating ctraining withe 
in the metal. This may tle in with the cuprent theories rerard« 
ing the viscuous regions existing at grain boundaries and withe 
in @lip bands to civle e eoherent picture. Another unresolved 


effect 1a that of orestraining on the fatisue strengths There 
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(are some cleing that fetigue is merely strein 
‘fracture point. Taken os a whole, it can be seen that 
much work yet to be done on (his particular factor. The 
ffecths, however, to reduce the fracture strength es the 
eyeles increase 
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Strain rates, or the dyneuig conditions invelved, heve come in 
for a great deal of attention. There are two widely divergent strain 
Petes of interest, namely thet rate fuet above being statie and 
Payee approaching vallistic velocities. As e @ide line to the ree 
search on s*rain retes, some interesting work hae been done on 

the strain wave propacation through aeteale. Sriefly, it hea been 
found thet the effeot of strain rete at normal speeda of testing 






are net signifieent and sre unimportant. when strain rates ap- 
aching ballistic velogities are encountered, thet etrain rate 





is verg important, since the inerease in the flow stress may aeke 
% approsch the fracture streas and thus cause feilure. The elas< 





ie waves cay also reach frecture macnitudes ahead of the Plastic 


train wevea and thue cause brittleness. 


Holloman end Zener have attempted to derive an interreletion 
tween strain rate end temperature es they affect fracture strengths 
at is ynown thet deereasine the temperatere and raising the strain 


increese the atreas required for fracture. hig brings up 





Question of epplieability of the mechentcal equation of the 
(State of brittle fracture as woll as to duastile fatlure or flows 


This particuler correlation for the ease of brittle fracture is 
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; of Temperature so 





A wost important factor regarding fracture strength ie the 

ture of fracturee It is significant to note that a single 
wetel, such as pearlitic steel, oan be made to behave in either e 
@uctile or brittie manner sélely by temperature variation. Early 





work )y the Russiane attempted to demonstrate that the fracture 
atrength wae independent of temperature, but they neglected the 
igportant factor of strain rate, which hes been disevssed ebove. 
Present work bas shown that fracture stremgth inereases with e 
Gecrease in temperature. Departing ea aoment from purely brittle 
behavior, it is deaired to point out thet the flow stress de- 
creases s@ the temperature is relsed until, at the melting point, 
there is no ylelding stress. The flow atresa increases with a 
reduction in temperature but et a more rapid rete than the fraoe 
ture stress, which allows for fracture at lease deformation. This 
ean be shown craphically on a true streesestrein curve. It is 
interesting *o sete thet the type of fracture changes from a 
transerystalline to intererystealline type as the melting teaperae 
ture is approached. Holloman reports a similer behavior at varye- 
ing strein rates; fast strain rates producing transerystelline 
fractures. There is little or no work in the field of combined 
etresses rélative to the effect of temperstére on brittle fraec- 
ture and, in feneral, amore work should be done to try to leolate 


completely the temperature effects and eliminate the controversies 
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beyond a doubt. The following chart showe the overeali effect 
of temperature as currently accepted: 





These curves also serve to illustrate how any factor that effects 
either the flow or fracture ourve will affect the ductility and, 
consequently, the brittle behavior. It is to be remem bered that 
some factors move beth curves in the same direetion but at differs 
ent rates. Thus it can be seen that the true Streassestrain curves 
are very heipful in studying over-all effects, eapecially for 


engineering applicatione 
Effeet of Structure; 


The effect of structure has already been touched upon at severe 


el points, mostly during the diseussion of statistical enalysis. In 






eaddition to the carbide particles mentioned, the precipitate forme 
@c in ageehardening allova may have a somewhat similar effect since 
embrittling is knewn to occur in these alloys. A saertensitie 


trueture possesses a very high fracture strength, even et low 





Nemperatures, when it 49 tempered and it ig generally recogniged 
Ss being the most desirable structure in steels where low tempere 


ture impact properties are reqnired. The effect of alloying 
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-@lomants ebould net be overlooked, since it is well known that 
(@0144 solution bardening hes a definite effect in raising the 
fracture strengths Nickel i9 somewhat beneficial in aiding low 
‘tuppersture impect strength. Agin, ore good work is required 
@long these linea to attempt to pin down the influence of strue~ 
ture (and composition) from = fundeamentel basis. 


‘Reatatesent;- 


This paper has followed the problem of brittle fracture in 
metals from the logical beginnings in mechanical metellurgy, 
where the basic engineering mathematical expreasions were shown 
through several controversial eubjects (theories) and, finsliy, 
the effects of various factors on the fracture strength were 
oriefly reviewed. It Gepends on one's viewpoint, le: research or 
engineering, to detersine whieh part of the discuasion is moat 
applieablie. That the subject 1a important ig an acknowledged fact 
end it is a11 tooapparent that there is a creat deal sore work to 
be done along all phases of this problem. Fortunately the work is 
Deing carried forward. 


it should elao be pointed out thet, at this time, it cannot 
‘be said which theory is the precisely cerrect one or what is the 


@orrect mechaniem of brittle fracture. There is too much eone 






fliecting information and it oust be remembered that the correct 
theory must agree aeuretely with observed facta and, furthermore, 


t be eble to prediet behavior based on a few experimental 
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calculations. Wo theory yet presented can fulfill all the 
requirements. However,each theory and investication, no 

matter how smell, has added something to the ceneral over- 
@1l picture. It is just a matter of time and effort until 
@ll the pieces of the pugsile will fall into place. When 

the theory #8 complete and known as a‘ilaw of brittle frac- 
ture", the engineering benefita will be immense and vast- 


ly importent. 
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